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Activation of a Membrane-Bound
Transcription Factor by Regulated
Ubiquitin/Proteasome-Dependent Processing
has been discovered that involves proteolytic pro-
cessing of membrane-bound precursors of regulatory
proteins. This process, termed regulated intramem-
brane proteolysis or RIP, appears to be widely utilized
and controls a variety of cellular functions (reviewed by
Thorsten Hoppe, Kai Matuschewski,†
Michael Rape, Stephan Schlenker,‡
Helle D. Ulrich, and Stefan Jentsch*
Department of Molecular Cell Biology
Max Planck Institute for Biochemistry
Brown et al., 2000). The first example was SREBP (sterolAm Klopferspitz 18a
regulatory element binding protein), a transcription fac-82152 Martinsried
tor controlling lipid metabolism (Wang et al., 1994).Germany
SREBP is initially made as an integral membrane protein
of the ER, which contains two transmembrane spans
and exposes both the N and C terminus to the cytosol.
Summary When cells are deprived of sterols, the protein is cleaved
by two sequential proteolytic steps, thereby liberating
Processing of integral membrane proteins in order to the N-terminal cytosolic segment that harbors the tran-
liberate active proteins is of exquisite cellular impor- scription factor domain (Duncan et al., 1998; Sakai et
al., 1998). The second cleavage step is catalyzed bytance. Examples are the processing events that govern
a zinc protease, which cleaves SREBP within the firststerol regulation, Notch signaling, the unfolded protein
transmembrane span (Rawson et al., 1997). Also, theresponse, and APP fragmentation linked to Alzhei-
amyloid precursor protein APP, linked to Alzheimer’smer’s disease. In these cases, the proteins are thought
disease, and the cell signaling molecule Notch are pro-to be processed by regulated intramembrane proteol-
cessed by RIP, but these reactions involve the mem-ysis, involving site-specific, membrane-localized pro-
brane protein presenilin-1 (reviewed by Brown et al.,teases. Here we show that two homologous yeast
2000). More recently, IRE1, a membrane-bound proteintranscription factors SPT23 and MGA2 are made as
kinase involved in the unfolded protein response of thedormant ER/nuclear membrane-localized precursors
ER, was reported to be processed and mobilized by aand become activated by a completely different mech-
related mechanism that depends on presenilin-1 (Kata-
anism that involves ubiquitin/proteasome-dependent yama et al., 1999; Niwa et al., 1999). Presenilin-1 (g-secre-
processing. SPT23 and MGA2 are relatives of mamma- tase) was recently shown to possess proteolytic activity
lian NF-kB and control unsaturated fatty acid levels. (reviewed by De Strooper, 2000).
Intriguingly, proteasome-dependent processing of Here we describe an entirely different processing
SPT23 is regulated by fatty acid pools, suggesting that pathway in yeast that is vital for cells and controls the
the precursor itself or interacting partners are sensors synthesis of unsaturated fatty acids. Transcription of
of membrane composition or fluidity. OLE1, encoding the ER membrane protein D9 fatty acid
desaturase, involves the transcription factor SPT23
(Zhang et al., 1999). We show that this factor is initiallyIntroduction
made as inactive precursor, which is anchored to mem-
branes via its C-terminal tail. The active SPT23 transcrip-Cells commonly respond to internal or environmental
tion factor is generated by processing from the precursor,cues by changing their gene expression programs. A
and we show that the processing step is regulated byfrequently used strategy that warrants a rapid cellular
unsaturated fatty acids. In contrast to RIP, SPT23 pro-response is to activate or mobilize preexisting pools of
cessing is mediated by the ubiquitin/proteasome pathway.dormant transcription factors. This can be accom-
Intriguingly, the mechanism we describe here exhibitsplished by posttranslational modifications or through
striking parallels to NF-kB precursor processing.noncovalent interactions. Examples are the activation
of STAT transcription factors by JAK-mediated phos-
Resultsphorylation and the hormone-induced dissociation of
steroid hormone receptors/transcription factors from
Dominant-Negative RSP5 Mutantcytosolic inhibitory proteins (reviewed by Kaffman and
Ubiquitination of a substrate involves ubiquitin-activat-O’Shea, 1999). Similarly, NF-kB/Rel transcription factors
ing enzymes (E1), ubiquitin-conjugating enzymes (E2),are kept in a latent state in the cytosol by association
ubiquitin protein ligases (E3), and sometimes multiubiq-with the inhibitory protein IkBa. In response to external
uitination factors (E4) (Hochstrasser, 1996; Koegl et al.,signals, IkBa is phosphorylated, ubiquitinated, and de-
1999). E3s interact with substrates directly and providegraded by proteasomes, which permits the NF-kB/Rel
specificity to the reaction. RSP5 is a member of theproteins to reach their nuclear target genes (reviewed
family of hect domain E3 enzymes that actively partici-by Ghosh et al., 1998).
pate in the ubiquitination reaction by forming a thioles-Recently, an intriguing novel activation mechanism
ter-linked complex with ubiquitin. Enzymes of this class
bear a nonconserved N-terminal segment containing
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determinants of substrate specificity and a conservedbiochem.mpg.de).
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Open access under CC BY-NC-ND license.
Cell
578
Figure 1. Vital Function of RSP5
(A) Scheme of RSP5 and deletion variants.
RSP5 possesses a C2 domain (green), three
WW domains (blue), and a hect domain (red)
that contains the active site cysteine residue
(“C”). Two truncated proteins (black bars),
which when expressed in a rsp5 knockout
strain, result in viable or nonviable cells, re-
spectively, are shown. The four lower bars
represent two-hybrid interactors of RSP5
with SPT23 (the 39 sequences of the second
and third clone are only partially known). The
importance of the third WW domain is indi-
cated by blue shading.
(B) Colonies of serial diluted cells that ex-
press (galactose plates) or do not express
(glucose) the dominant-negative allele of
RSP5 (rsp5C777S). Colonies of the upper row
are transformed with a vector control; colo-
nies of the lower row express the suppressor
gene OLE1.
(C) Analogously, rsp5C777S-expressing cells
are viable in the presence of oleic acid (right
panel).
(D) Growth of WT, ole1D, and rsp5D cells on
YPD plates at 238C and 378C. Cells on the first
plate were pregrown on oleic acid–containing
medium and streaked out on oleic acid–free
plates; the two right plates contained oleic
acid.
followed by three WW domains, which are known to enzyme, yet this domain was previously shown to be
required for endocytosis, a process that is not essentialbind proline-rich sequences (Hein et al., 1995; Sudol et
al., 1995; Figure 1, top). RSP5 is encoded by an essential for life in yeast (Springael et al., 1999).
To identify cellular targets of RSP5, we decided togene and mediates a broad range of functions, including
endocytosis, mitochondrial-cytoplasmic distribution of construct dominant-negative mutants of the enzyme with
the aim of screening for high-dose suppressors of thespecific enzymes, and mitochondrial inheritance (Hein
et al., 1995; Zoladek et al., 1997; Fisk and Yaffe, 1999). mutant phenotype. To this end, we replaced the active
site cysteine residue within the enzyme’s hect domainWe constructed deletion variants of RSP5 and per-
formed complementation assays of the rsp5 deletion (Wang et al., 1999) by a serine residue, and indeed, overex-
mutant. We found that a variant that bears the catalytic pression of this variant (rsp5C777S) in wild-type (WT) cells
hect domain and the most C-terminal of its three WW driven by the inducible GAL promoter resulted in inviable
domains is sufficient to provide the essential function cells (Figure 1B, top). This suggests that the overex-
of RSP5 under normal growth conditions (Figure 1A, pressed mutant protein can sequester substrates of the
top). A previous report (Wang et al., 1999) suggested RSP5 enzyme or other interacting proteins.
also that the central WW domain is crucial for viability.
This seeming discrepancy to our studies can be ex-
RSP5 Is Vital for Controlling Unsaturated Fattyplained by the fact that Wang et al. performed comple-
Acid Levelsmentation assays using a temperature-sensitive (ts) rsp5
In order to identify possible targets of RSP5, we trans-mutant at 378C, which is a stressful temperature for
formed the constructed strain with a yeast library ex-yeast cells. We thus assume that the central WW domain
pressing cDNAs under the control of the inducible GAL1-might mediate stress tolerance (see below). In agree-
10 promoter. By turning on the promoters, we selectedment with previous findings, we found that the C2 do-
main of RSP5 is not needed for the vital function of the for colonies that were able to survive the overexpression
Ubiquitin/Proteasome-Dependent Processing
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Figure 2. Suppressors of ufd1 Mutants
(A) Colonies of serial diluted (from left to right)
rsp5D, ufd1-2, and spt23 mga2 cells that were
transformed with either vector DNA (vector)
or plasmids isolated as high-copy suppres-
sors of ufd1-2 (5, 13, 18, and 17; see Figure
4A) that express truncated SPT23 or MGA2
proteins. In the top row, WT cells are shown,
in the bottom row, cells that express full-
length SPT23. The plates were incubated at
the temperatures indicated.
(B) Growth of WT cells compared to rsp5-2,
ufd1-2, and rsp5-2 ufd1-2 double mutant cells
at 308C. The rsp5-2 ufd1-2 double mutant is
viable at 238C (data not shown).
(C) Growth at 378C of ufd1-2 and WT cells on
YPD plates in the absence (left) and presence
(right) of oleic acid.
of the dominant-negative RSP5 variant. Only one clone able to isolate four independent high-copy suppressors
of ufd1-2 from a 2 m plasmid-based genomic yeast DNAwas recovered by this selection, and DNA sequence
analysis identified the suppressor gene as OLE1 (Figure library (Figure 2A). The recovered plasmids fell into two
distinct classes as they encoded partial sequences1B, bottom).
OLE1 encodes D9 fatty acid desaturase, an ER-bound (lacking their C-terminal domains; see below) of two
different genes, SPT23 (the clones 5, 13, and 18; seeenzyme, which catalyzes the formation of a double bond
between C9 and C10 of palmitoyl-CoA (16:0) and stearoyl- Figure 4A) and MGA2 (clone 17). Interestingly, the en-
coded gene products are related in sequence and areCoA (18:0), forming palmitoleic acid (16:1) and oleic acid
(18:1) (Stukey et al., 1989). OLE1 null mutants are lethal, known to have overlapping functions. Neither of the two
genes is essential for viability, but the double mutantbut viability can be restored by adding unsaturated fatty
acids (e.g., palmitoleic or oleic acid) to the growth me- is lethal (Zhang et al., 1999). SPT23 had been initially
identified as a multicopy suppressor of Ty-induced pro-dium (Stukey et al., 1989). Oleic acid also restored
growth of the rsp5C777S-overexpressing strain (Figure 1C), moter mutations (Burkett and Garfinkel, 1994), and both
SPT23 and MGA2 are thought to function as transactiva-demonstrating that the desaturase activity of the cell is
crucially affected in these cells. Importantly, also the tors of transcription. Importantly, Zhang et al. (1999)
have recently isolated OLE1 as a high-copy suppressorrsp5 deletion strain grown at 238C was rescued by ex-
pression of OLE1 from the GAL promoter or by addition of a SPT23/MGA2 doubly deficient mutant and have
shown that the lethality of this strain could be sup-of oleic acid to the growth medium (Figure 1D). In con-
trast, oleic acid did not suppress the lethality at 378C pressed by the presence of oleic acid in the growth
medium. From these data, Zhang et al. concluded thatof the rsp5 deletion strain (Figure 2C) or of the ts mutants
rsp5-1 and rsp5-2 (data not shown). Thus, we conclude SPT23 and MGA2 activate OLE1 transcription and that
either of the two transcription factors is sufficient forthat the vital function of RSP5 at normal growth tempera-
tures is exclusively its role in activating the OLE1 en- this activity.
zyme, thereby providing cells with unsaturated fatty
acids (see Discussion). In addition, RSP5 confers stress
tolerance, as indicated by the sensitivity of rsp5 mutant
cells to high temperatures (see above and the data by
Wang et al. [1999]), amino acid analogs, and heavy met-
als (Kanda, 1996).
RSP5 Regulates OLE1 Transcription via SPT23/MGA2
Transcription Factors
RSP5 does not seem to interact or influence the half-
life of the OLE1 protein (data not shown). Crucial insights
into how RSP5 influences OLE1 activity derived from a
parallel study that focused on the function of the UFD1
protein. UFD1 is vital for cells and is required for the Figure 3. OLE1 Transcription
degradation of short-lived ubiquitin fusion proteins (the
Northern analysis of total RNA from WT, rsp5D, and spt23D mga2D
UFD pathway; Johnson et al., 1995). To characterize cells probed with an OLE1-specific DNA fragment. In the first lane,
UFD1 in more detail, we constructed a temperature- total RNA from WT cells grown in YPD is loaded. For the other lanes,
sensitive allele, ufd1-2, by a PCR-based strategy. When cells were pregrown in YPD supplemented with oleic acid and then
grown at 378C, ufd1-2 mutants fail to undergo cell divi- shifted into an oleic acid–free medium, and samples for RNA extrac-
tion were withdrawn at the times indicated.sion and loose viability. By using this mutant, we were
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These findings together with our results are consistent
with a model in which RSP5, UFD1, SPT23/MGA2, and
OLE1 function in the same pathway. Indeed, we ob-
served that a rsp5-2 ufd1-2 double mutant is inviable
even at the permissive temperature of the respective
single mutants (Figure 2B) and that this synthetic lethal-
ity could be suppressed by adding oleic acid to the
medium (data not shown). Importantly, we found that
the lethality of rsp5 null mutants could also be sup-
pressed by expression of the truncated clones of SPT23
or MGA2 identified by our ufd1-2 suppressor screen
(Figure 2A). These data not only confirm a functional
relationship of RSP5, UFD1, SPT23/MGA2, and OLE1,
but they also indicate that RSP5 functions upstream
of the two transcription factors. RSP5 and UFD1 are
independently required in this pathway as the rsp5 null
mutant could not be rescued by UFD1 overexpression
and vice versa (data not shown). In contrast to RSP5,
whose essential function at normal growth temperatures
is exclusively linked to OLE1 activation (see above),
UFD1 appears to mediate additional vital functions,
since the ufd1 deletion mutant could not be rescued by
oleic acid (see Discussion). On the other hand, oleic acid
did suppress the temperature sensitivity of the ufd1-2
mutant (Figure 2C), suggesting that the defect of this
mutant is less severe than that of the ufd1 knockout.
The most straightforward interpretation of these re-
sults is that the ubiquitin system is required for SPT23/
MGA2 activation and hence OLE1 transcription. To ob-
tain direct support for this model, we studied the influ-
ence of rsp5 null mutants on OLE1 transcription. Steady-
state OLE1 mRNA levels are known to be high in the
absence of unsaturated fatty acids but are strongly re-
pressed by, e.g., oleic acid (McDonough et al., 1992;
Zhang et al., 1999). Northern analysis shows that when
we transfer WT cells from a medium that contains oleic
acid into a medium free of unsaturated fatty acids, OLE1
transcript levels dramatically rise (Figure 3). Strikingly,
this induction does not occur in the rsp5 null mutant. In
fact, in this mutant, OLE1 transcript levels are as low
Figure 4. Transcription Factor Generated From A Membrane-Bound as in the spt23 mga2 double mutant (Figure 3).
Precursor
(A) Schematic diagram of SPT23 and MGA2 proteins. The proteins SPT23 Is an Integral Membrane Protein
possess distinct activation domains (blue), a region of homology to of Microsomal Membranes
NF-kB (red), two ankyrin repeats (dark gray), and a single transmem- So far we have shown that two components of the ubiq-
brane span (black). The approximate location of the cleavage site
uitin pathway, RSP5 and UFD1, are necessary for OLE1that results in p90 production is indicated by an arrowhead. The
activation and that this is probably achieved through anpartial SPT23 and MGA2 polypeptides encoded by the high-copy
ubiquitin-mediated activation of the transcription fac-suppressors of ufd1-2 (5, 13, 18, and 17) are indicated by black
tors SPT23 and MGA2. This seemed paradoxical, how-bars.
(B) Membrane localization of SPT23. Upper panel: total extracts ever, because ubiquitination of a substrate usually trig-
(“T”) of control cells and of cells expressing myc-tagged versions gers its destruction rather than its activation. A clue to
of SPT23 and SPT23DTM were separated into soluble (“S”) and pellet this puzzle came when we examined the amino acid
(“P”) fraction (see Experimental Procedures), separated by SDS gel- sequence of SPT23 and MGA2 proteins (Figure 4A). Both
electrophoresis, and probed with anti-myc antibodies. p120 and proteins possess a single z20 amino acid–long hy-
p90 forms of SPT23 are indicated; the asterisk denotes the position
drophobic segment within their C-terminal domains,of a cross-reactive protein that cofractionates with the pellet frac-
suggesting that they may function as transmembranetion. Lower panel: immunoreactivity against endogenous SBH2 pro-
anchors. To test this possibility, we fused a mycepitopetein, an integral membrane protein of the ER, is used to control
tag to the N terminus of SPT23 (mycSPT23) and separatedfractionation.
(C) The pellet fraction obtained from mycSPT23-expressing cells was
washed with buffer, salts, and detergents as indicated, separated
into pellet (“P”) and soluble (“S”) fractions as above, and probed
with anti-myc antibodies. SBH2 was again used for control. (E) Time course of SPT23 processing. Cells were grown in linoleic
(D) Microsomal fractions of mycSPT23-expressing cells were incu- acid (18:2) to inhibit processing (see Figure 6C), shifted into a lin-
bated with buffer or 1% Triton X-100 and treated with proteinase K oleic-free medium, and expression of mycSPT23 under GAL promoter
for the times indicated. Protein blots were probed with anti-myc control was repressed by addition of glucose and cycloheximide.
antibodies. KAR2, a protein in the lumen of the ER, was used as Samples withdrawn after the times indicated were analyzed by
control. Western blotting.
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Figure 5. Intracellular Localization of SPT23
Immunofluorescence and deconvolution imaging of cells expressing SPT23 that is tagged with different epitopes at the N and C terminus
(mycSPT23HA). The scheme and Western blot at the left (“probe”) indicates the SPT23 populations detected by HA- and myc-specific antibodies.
Anti-HA staining (top, “immuno”) localized around the nucleus (indicated by DAPI staining) with apparent nuclear exclusion. In contrast, anti-
myc staining (bottom, “immuno”) is mostly nuclear with an additional cytosolic distribution. The merged image (“merge”) and phase contrast
picture (“phase”) is shown. The staining is representative for all cells.
soluble from membrane-bound proteins by cell fraction- promoter shut-off experiments using a strain that ex-
presses SPT23 from the GAL promoter (the weak ex-ation. As shown in Figure 4B, the 120 kDa mycSPT23
pression of SPT23, even when transcribed from heterol-protein (p120) was found exclusively in the microsomal
ogous promoters, prevented us from using pulse–chasepellet fraction. The protein could not be extracted by
protocols). We repressed transcription from the GALhigh salt or a high pH buffer but with the detergents
promoter by adding glucose to the medium, addedTriton X-100 and SDS (Figure 4C), consistent with SPT23
cycloheximide to block translation, and monitored thebeing an integral membrane protein. Treatment of the
decay of earlier made proteins by Western blotting (Fig-microsomal pellet fraction with proteinase K rapidly
ure 4E). As expected for this type of experiment, p120eliminated the reactivity with the myc-specific antibody,
and p90 were present at the zero time point. At laterindicating that the N-terminal domain of SPT23 faces to
time points, p120 completely disappeared, whereas thethe cytosol (Figure 4D). Membrane binding was indeed
levels of p90 initially increased, reaching a maximum atdependent on the C-terminal hydrophobic domain as a
the 30 min time point. Notably, the rise of p90 occurredtruncated SPT23 variant (mycSPT23DTM) lacking this do-
on the expense of the full-length p120 protein, and thus,main was exclusively found in the soluble fraction (Fig-
we conclude that p90 is indeed generated by p120 pro-ure 4B). We also confirmed that the SPT23 homolog
cessing. At even later time points also p90 vanished,MGA2 is anchored to membranes via its hydrophobic
suggesting that the level of the mature transcriptionsequence and that it behaves in a similar fashion (M. R.,
factor is additionally controlled by protein breakdownT. H., and S. J., unpublished data). Given the structural
(note the ubiquitination of p90; Figure 6A). It is importantand functional similarity of both proteins, we will primar-
to mention that expression of a truncated form of SPT23ily focus on a description of SPT23 in the following.
that lacks the transmembrane span (SPT23DTM) does notNotably, Western blot analysis using anti-myc anti-
yield any significant pools of p90 (Figure 4B). This findingbodies detected, in addition to the full-length SPT23
confirms that p90 is generated by membrane-associ-protein (p120), a collection of closely spaced immunore-
ated processing but not by alternative expression (e.g.,active species of ~90 kDa (Figure 4B). This set of pro-
transcription or translation) of two different protein spe-teins, which we collectively termed p90, was exclusively cies or a cotranslational mechanism (see Discussion).
present in the soluble fraction (Figure 4B). In this context, We used an SPT23 variant (mycSPT23HA) that harbored
it is important to emphasize that our selection for high- different epitope tags at its N and C terminus. We rea-
copy suppressors of ufd1-2 mutants specifically yielded soned that the C-terminal tag would allow us to study
clones that expressed C-terminally truncated SPT23 the intracellular localization of the p120 precursor (we
and MGA2 proteins (Figure 4A). All these truncations failed to recover the C-terminal cleavage product proba-
removed the putative transmembrane spans from bly because it is rapidly degraded; see Discussion),
SPT23 and MGA2 proteins. Most importantly, we ob- whereas the N-terminal tag would monitor both the pre-
served that only expression of the truncated forms of cursor and the soluble p90 cleavage product. By study-
SPT23 and MGA2 but not of the full-length molecules ing the immunofluorescence of these proteins using de-
can rescue the rsp5 deletion mutant or the ufd1-2 strain convolution microscopy, we noticed that the two tags
(Figure 2A). indeed identified different protein pools. SPT23 probed
We assumed that the full-length SPT23/MGA2 pro- with the C-terminal tag was virtually excluded from the
teins are inactive, membrane-bound precursors of the nucleus, and immunofluorescence gave a characteristic
active transcription factors, which are liberated by pro- circular (perinuclear) image indicative of a localization
teolytic processing. To investigate whether p90 is in- at the nuclear envelope/endoplasmic reticulum (Figure
5, upper panel). In striking contrast, SPT23 identified bydeed the product of p120 processing, we performed
Cell
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the N-terminal tag was broadly distributed in the cytosol
but accumulated most prominently within the nucleus
(Figure 5, lower panel). These results directly confirmed
our hypothesis that SPT23 precursor processing liber-
ates the transcription factor from the membrane, which
enables the protein to migrate into the nucleus.
Ubiquitin/Proteasome-Dependent Processing
of SPT23
Two-hybrid assays indicate that the RSP5 ubiquitin li-
gase directly interacts with SPT23 (Figure 1A, bottom).
Notably, by using truncated versions of RSP5 in the two-
hybrid assay, we found that the most C-terminal of the
three WW domains of RSP5 is sufficient for this interac-
tion (Figure 1A, bottom). This result is in full concord
with our in vivo analysis of RSP5 that demonstrated that
the vital function of RSP5 requires the integrity of the
third WW domain (Figure 1A, top). We thus assume that
the third WW domain of RSP5 directly interacts with
SPT23, thereby bringing the catalytic hect domain of
RSP5 in close proximity to the substrate. To determine
whether SPT23 is in fact ubiquitinated, we transformed
cells with a plasmid that expresses mycepitope-tagged
ubiquitin. Indeed, Western analysis of protein samples
obtained by immunoprecipitation of HA-tagged SPT23
revealed two populations of myc-immunoreactive pro-
teins with sizes slightly larger than those of the p120
and p90 species (Figure 6A). Together, these data sug-
gest that RSP5 directly ubiquitinates SPT23 and that a Figure 6. Regulated Ubiquitin/Proteasome-Dependent Processing
fraction of both forms are modified by ubiquitin. (A) SPT23 p120 and p90 forms are ubiquitinated. Control extracts
(1), extracts of HASPT23-expressing cells (2), and HASPT23-express-Next, we investigated the influence of RSP5 on the
ing cells that additionally express myc-tagged ubiquitin (mycUB) wereprocessing reaction. As shown in Figure 6B, in a rsp5
immunoprecipitated with HA-specific antibodies and the precipi-null mutant (rescued by oleic acid), only the p120 form
tates were separated by SDS gel electrophoresis followed by West-of SPT23 could be detected. This result directly confirms
ern blotting using anti-myc antibodies. The left lane shows a Westernthat the RSP5 ubiquitin ligase is required for SPT23
blot using anti-HA antibodies of protein samples from HASPT23-
processing. Given the involvement of the ubiquitin sys- expressing cells run on the same gel.
tem in SPT23 processing, we thought that the pro- (B) Processing of mycSPT23 (first 4 lanes on the left) and mycMGA2 (last
cessing event is most likely mediated by proteasomes. 2 lanes) in WT, cim3-1, and rsp5D cells grown at the temperatures
To test this possibility, we expressed mycSPT23 in a pro- indicated.
(C) Processing of mycSPT23 is inhibited when cells were grown forteasome ts mutant strain (cim3-1), which at 378C has
3 hr in a medium containing unsaturated fatty acids 18:2 and 18:3.severely reduced active proteasome levels (Ghislain et
al., 1993). By doing this experiment, we noticed that
high temperatures apparently induce SPT23 precursor
processing, as indicated by a significant rise of p90 precursors of the transcription factors that drive OLE1
transcription are apparently localized to the same mem-levels in WT cells at 378C (Figure 6B). In striking contrast,
SPT23 precursor processing was nearly blocked in the brane system. Thus, we speculated that SPT23 precur-
sor processing might be controlled by the activity of(leaky) proteasome mutant at this temperature, and
MGA2 processing was virtually absent in this mutant OLE1. Specifically, we hypothesized that processing
might be influenced by the concentration of unsaturated(Figure 6B). Similar results were obtained using a pre1-1
mutant (Seufert and Jentsch, 1992), which has defective fatty acids, the products of OLE1. OLE1 transcription
and mRNA stability is known to be repressed by oleic20S proteasome particles. Thus, we conclude that
SPT23 and MGA2 precursor processing is indeed medi- acid (18:1) (McDonough et al., 1992; Gonzalez and Mar-
tin, 1996). Yet SPT23 processing was not significantlyated by proteasomes and propose that the p90 form of
SPT23 and MGA2 is generated by an endoproteolytic influenced by growth for 3 hr in oleic acid–containing
media. However, addition of palmitoleic acid (16:1) andcleavage (see Discussion).
unsaturated fatty acids that contained more than one
double bond, e.g., linoleic (18:2) or linolenic acid (18:3),SPT23 Processing Is Regulated
almost completely blocked SPT23 precursor processingby Membrane Composition
(Figure 6C). Thus, SPT23 processing is indeed stronglyBecause the provision of unsaturated fatty acids is vital
affected by membrane composition or fluidity.for cells, significant levels of active SPT23 are made
under normal growth conditions. As shown above, tem-
Discussionperature is one factor, which influences the balance
between precursor and product. Since balanced fatty
acid pools are crucial for a variety of functions, we ex- We discovered a novel regulatory pathway, which is
intriguing with respect to cell physiology and its uniquepected additional controls to be operative. Strikingly,
the OLE1 enzyme, its substrates and products, and the mode of action. We found that two related transcription
Ubiquitin/Proteasome-Dependent Processing
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Figure 7. Hypothetical Model for RSP5/
Proteasome-Dependent Processing of the
SPT23 Precursor (Not Drawn to Scale)
After ubiquitination (red balls) of the substrate
(green) catalyzed by ubiquitin-activating en-
zyme (E1), ubiquitin-conjugating enzyme (E2),
and the RSP5 ubiquitin ligase, the protea-
some (gray barrel) releases the N-terminal
transcription factor domain (p90) by an endo-
proteolytic reaction. The C-terminal tail is
probably degraded by a process that resem-
bles ER-associated degradation. The site of
ubiquitination that triggers processing is not
known.
activators, SPT23 and MGA2, are kept in a dormant These compounds (e.g., isoflurane) are thought to act
through association with lipids or lipid binding proteins.state in the cytosol by anchoring to membranes of the
It seems likely that this function is linked to the pathwayER/nuclear envelope via their C-terminal tails. Both pro-
described here, and we propose that the anestheticteins are endoproteolytically processed in a ubiquitin/
affect of these compounds depends on the presenceproteasome-dependent reaction, thereby enabling the
of unsaturated fatty acids.liberated transcription factors to migrate into the nu-
cleus. Importantly, OLE1, which encodes the ER-bound
Regulationenzyme D9 fatty acid desaturase, is among the known
Particularly intriguing is our observation that SPT23 pro-SPT23/MGA2 targets. OLE1 is a key enzyme in lipid
cessing is completely blocked by adding unsaturatedand membrane synthesis pathways and catalyzes the
fatty acids to the growth medium. Importantly, we founddesaturation of C16 and C18 fatty acids, forming palmito-
that not oleic acid (18:1) but the—by two carbonsleic and oleic acid.
shorter—palmitoleic acid (16:1) and polyunsaturated
fatty acids, linoleic (18:2) or linolenic acid (18:3), arePhysiology
specifically potent in preventing SPT23 processing (Fig-The correct ratio of saturated to unsaturated fatty acids
ure 6D). Yeast cells can only synthesize monounsatu-is crucially important for maintaining the optimal fluidity
rated (D9) fatty acids (16:1 and 18:1), but they can readily
of the membrane. Low levels of unsaturated fatty acids take up polyunsaturated fatty acids from their environ-
lead to a severe impairment of cellular membrane sys- ment (e.g., from plant sources). Polyunsaturated fatty
tems, most notably of the nuclear envelope and of mito- acids are in fact preferentially utilized by yeast cells,
chondria. In fact, cells deficient in OLE1 fail to segregate which can lead to a complete replacement of monoun-
mitochondria into the growing bud, accumulate abnor- saturated by polyunsaturated fatty acids in yeast mem-
mal membranous structures, seem to loose their mito- branes (Stukey et al., 1989). Our findings suggest that
chondria and nuclei, and die rapidly (Stewart and Yaffe, the trigger that regulates SPT23 processing may not be
1991; Zhang et al., 1999). Conversely, overexpression the chemical nature of the fatty acid but rather the fluidity
of OLE1 is toxic and results in a reduced growth rate and/or the thickness of the membrane. Importantly, we
and abnormal cell division (Stukey et al., 1989). Hence, noticed that a cytosolic variant of SPT23 (SPT23DTM)
OLE1 levels are adjusted to the cell’s physiological state, does not seem to get efficiently processed (Figure 4B).
and its gene expression is tightly controlled. OLE1 This indicates that the insertion into the membrane is
mRNA levels are coordinated with cellular growth and indeed important for the processing reaction. We pro-
peak in the late G1 or early S phase of the cell cycle pose that the precursor of SPT23 (or a protein that inter-
(McConnell et al., 1990). Most importantly, OLE1 tran- acts with SPT23) functions as the sensor of membrane
scription is regulated by fatty acid pools. Transcription is composition because it is exposed to the membrane
only weakly induced (1.6-fold) by exogenous saturated system that is altered by the activity of OLE1. A change
fatty acids, but unsaturated fatty acids repress OLE1 in membrane fluidity or composition could induce a con-
transcription as much as 60-fold (Choi et al., 1996). Inter- formational change into the SPT23 molecule or a binding
estingly, OLE1 expression is also regulated at the level partner, which thereby could trigger an association of
of mRNA stability (Gonzalez and Martin, 1996). SPT23 with the RSP5 ubiquitin ligase. This type of con-
We discovered that the ubiquitin ligase RSP5 is re- trol would be reminiscent of the pathways that regulate
quired for OLE1 activation and demonstrate that the the processing of the membrane-bound precursor of
lethality of the rsp5 knockout strain can be suppressed SREBP by sterols (Wang et al., 1994) and of the IRE1
by adding oleic acid to the growth medium. Therefore, kinase (Katayama et al., 1999; Niwa et al., 1999) and
we assume that several previously reported phenotypes the ATF6 transcription factor (Haze et al., 1999) by the
of rsp5 mutants are a consequence of a deficiency in unfolded protein response.
unsaturated fatty acids. In fact, mutants in rsp5 exhibit Although structurally and functionally very similar to
phenotypes strikingly reminiscent of ole1/mdm2 mu- SPT23, MGA2 appears to be regulated in a different
tants: they fail to deliver mitochondria into the growing manner. MGA2 processing does not seem to be strongly
bud (Fisk and Yaffe, 1999) and rsp5/mdp1 mutants are induced by temperature, and unsaturated fatty acids
defective in normal mitochondrial/cytoplasmic distribu- have only a moderate influence on the processing reac-
tion of a tRNA-modification enzyme (Zoladek et al., tion (M. R., T. H., and S. J., unpublished data). Interest-
1997). Furthermore, RSP5 is required for the sensitivity ingly, mRNA levels for both SPT23 and MGA2 were re-
cently shown to be upregulated by the unfolded proteinof yeast cells to volatile anesthetics (Wolfe et al., 1999).
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response (Travers et al., 2000). This may suggest that generated by a similar endoproteolytic reaction (Lin and
Ghosh, 1996), suggesting that this mode of action mightthe two transcription factors are activated by additional
cellular cues and that the pathway we describe here is be common for proteasomes. In fact, proteasomal deg-
radation sometimes leads to an accumulation of a stablerelevant for other cellular functions.
protein fragment (Seufert and Jentsch, 1992), possibly
suggesting that proteasomal degradation is frequentlySimilarity to NF-kB Processing
initiated by an internal cleavage.The previously discovered processing reactions of
Recently, an alternative model for the generation ofmembrane proteins (e.g., SREBP, IRE1, Notch, and APP)
NF-kB p50 has been proposed in which p50 is generatedare thought to be mediated by regulated intramembrane
cotranslationally (Lin et al., 1998). We believe that weproteolysis or “RIP,” involving site-specific, membrane-
can rule out this possibility for the generation of SPT23localized proteases (Brown et al., 2000; see Introduc-
p90 for at least two reasons. First, our time course exper-tion). SPT23 and MGA2, however, are processed by a
iment established a clear precursor/product relationshipstrikingly different mechanism that we term “regulated
between SPT23 p120 and p90 (Figure 6B). Second, co-ubiquitin/proteasome-dependent processing” or “RUP.”
translational processing is expected to be independentWe have shown that SPT23 directly interacts with the
of the intracellular localization of the full-length mole-RSP5 ubiquitin ligase and that it becomes modified by
cule, yet we observed that no significant levels of p90ubiquitination. Most importantly, SPT23 precursor pro-
are generated when a cytosolic SPT23 variant that lackscessing was found to depend on RSP5 and the protea-
the C-terminal membrane anchor (SPT23DTM) is ex-some. Proteasome action commonly results in the com-
pressed (Figure 4B).plete degradation of the substrate protein to small
peptides. An exception to this rule is the processing of
Role of UFD1, CDC48, and NPL4p105, the precursor of the p50 NF-kB transcription fac-
The role of UFD1 in the SPT23/MGA2 activation pathwaytor. Processing of p105 by proteasomes proceeds by a
is currently unclear. It is obvious from our genetic datamechanism in which the C-terminal half of the molecule
that UFD1 is needed for OLE1 expression and that nois rapidly degraded, whereas the N-terminal portion
active SPT23/MGA2 transcription factors are made in(p50) is left intact. Intriguingly, SPT23 and MGA2 are
ufd1-2 mutants (e.g., Figure 2). Although ufd1-2 mutantsstructurally related to NF-kB p105. SPT23 and MGA2
exhibit a pronounced deficiency in SPT23 processing,have immunoglobulin-like putative DNA binding (IPT)
significant levels of apparently inactive p90 proteins ac-domains similar to NF-kB and possess C-terminally po-
cumulate in the mutant (T. H., M. R., and S. J., unpub-sitioned ankyrin repeats analogous to p105 (Aravind et
lished data). Recently, we discovered that UFD1 geneti-al., 1999; Figure 4A). In contrast to p105, however, the
cally and physically interacts with CDC48 and NPL4 andankyrin repeats of SPT23 and MGA2 are located within
that these proteins also function in the OLE1 activationthe active transcription factors domains that are cleaved
pathway (T. Hoppe, M. Rape, S. Jentsch, in preparation).off by the processing reaction.
CDC48 is a putative chaperone of the AAA-type ATPaseWe assume that SPT23/MGA2 precursors are endo-
family and collaborates with UFD1 in the degradationproteolytically processed by proteasomes (Figure 7).
of short-lived ubiquitin fusion proteins (Ghislain et al.,Our model derives from the fact that the molecules are
1996), and NPL4 is thought to function in nucleo/cyto-anchored to membranes via their C-terminal tails and
plasmic transport (DeHoratius and Silver, 1996). Inter-that the N-terminal domains are spared from degrada-
estingly, npl4 mutants possess strikingly abnormal nu-tion. We propose that the polypeptide chains of SPT23/
clear envelopes (DeHoratius and Silver, 1996), and weMGA2 enter the openings of the proteasomes as loops
found that growth of a npl4 ts mutant could be restoredin order to contact the active sites that are located within
by oleic acid (T. H., M. R., and S. J., unpublished data).the central cavity of the protease. Indeed, the known
This may suggest that perhaps some of the observedcrystal structure of yeast proteasomes suggests that
phenotypes of npl4 mutants are indirect consequencesthe openings are sufficiently wide to accommodate two
of a deficiency in unsaturated fatty acids. Recently, alsojuxtaposed polypeptide chains (Groll et al., 1997; M.
the mammalian homolog of CDC48, p97/VCP, was foundGroll, personal communication). The distance from the
to form a complex with mammalian Ufd1 and Npl4active sites to the outside of the 20S proteasome equals
(Meyer et al., 2000), indicating that these protein interac-approximately an extended polypeptide chain of 20
tions are structurally and functionally conserved.amino acids, indicating that at least 40 amino acids of
We speculate that CDC48/UFD1/NPL4 may mediatethe substrate has to enter the proteasome barrel. An
events that act subsequently from the processing reac-important element in p105 processing is a glycine-rich
tion. These could be a release of p90 from the protea-repeat within the center of the molecule. SPT23 and
some, a dissociation from a putative inhibitor in analogyMGA2 do not possess this element, but both proteins
to the NF-kB/IkBa relationship, or a coupling to thehave several stretches enriched in asparagine residues.
nuclear translocation apparatus. Further genetic andIt seems attractive to speculate that these low complex-
biochemical studies are expected to distinguish be-ity domains might promote loop formation. We were
tween these possibilities. Given the striking parallelsconsistently unable to recover a C-terminal cleavage
between SPT23/MGA2 and NF-kB activation pathways,product of SPT23 (data not shown), and hence we as-
it is likely that these studies will also significantly influ-sume that, analogous to the situation for p105, the
ence our general view of the control of gene expression.C-terminal tail gets completely degraded. Degradation
of SPT23’s tail, in contrast, would require membrane
Experimental Procedures
extraction, and this could be achieved in a manner that
resembles proteasome-mediated ER-associated degra- Cloning and Yeast Techniques
dation (Mayer et al., 1998). Interestingly, the data by Lin Standard protocols were followed for preparation of yeast media
and yeast techniques (Guthrie and Fink, 1991). Media and platesand Gosh (1996) have indicated that also NF-kB p50 is
Ubiquitin/Proteasome-Dependent Processing
585
were supplemented with oleic, linoleic, and linolenic acid solved in and cell lysis was done as described (Knop et al., 1999). This lysis
protocol was also used for the experiments of Figure 6.Nonidet P-40 (final 0.2%). Strains are derivatives of DF5 (Mayer
et al., 1998). Strain PJ69-4A was used for two-hybrid studies as
described (James et al., 1996), using an SPT23 fragment comprising Ubiquitinated SPT23
amino acids 100–1006 as a bait. The spt23 mga2 knockout strain Immunoprecipitations (IP) of HASPT23 were performed in WT coex-
was derived from spt23 ts strain DG1667 (gift of D. J. Garfinkel). An pressing HASPT23 (expressed from its own promoter) and mycUBI
ole1 deletion construct (gift of C. E. Martin) was used to create the under the CUP promoter (gift of M. Hochstrasser) as described for
ole1 knockout strain. An rsp5D construct was made by replacing the ATF6 (Haze et al., 1999). Ten OD600 and 1 mg polyclonal anti-HA
MunI–Eco47III fragment of RSP5 with the HIS3 gene. The resulting antibodies (Santa Cruz Biotechnology) were used for the IP. After
plasmid pKM017 was used to create the rsp5D strain. rsp5-1 was 2 hr incubation with the antibody, protein G–sepharose (Boehringer
a gift of J. M. Huibregtse. rsp5-2 (gift of B. Seraphin) was amplified Mannheim) beads were added for another 2 hr at 48C. The resin
by PCR and cloned into pYIplac128. The resulting plasmid pKM066 was then washed 5 times with 13 TBS, 0.1% Triton X-100.
was used to create the rsp5-2 strain. ufd1-2 was constructed by a
PCR-based mutagenesis strategy. cim3-1 was a gift of C. Mann; Immunofluorescence
pre1-1 was described previously (Seufert and Jentsch, 1992). The Immunofluorescence analysis of SPT23 localization was performed
point mutation in rsp5C777S was introduced by PCR and subcloned as described (Knop et al., 1997). The WT strain containing YIplac211-
into pYIplac211-G to get pKM103. SPT23 was amplified by PCR mycSPT23HA was grown to an OD600 of 0.4 in galactose-containing
(pSRZ55 gift of D. J. Garfinkel), and a NotI site was introduced medium. For immunodetection of the mycepitope-tagged proteins,
directly after the start codon. Tiple myc or triple HA epitopes were cells were fixed for 1 hr; for detection of the HAepitope, the fixation
cloned into the NotI site to obtain the constructs pRS416-mycSPT23 time was 45 min. Both epitopes were detected by mouse monoclonal
and pRS416-HASPT23. pSRZ55 was used to create pRS416-myc antibodies overnight at 48C. The secondary antibody was goat anti-
SPT23HA. mycSPT23HA was placed under GAL1-10 promoter control mouse IgG coupled to CY3 (Jackson Immuno Research Labora-
into YIplac211-G to get pYIPlac211-mycSPT23HA. pRS416-mycSPT23 tories). DNA was stained with DAPI.
was used to introduce a stop codon before the DNA encodes the
transmembrane domain of SPT23 to get pRS416- mycSPT23DTM. Acknowledgments
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